W e have recently shown that resistant hypertensive patients are characterized by a sympathetic activation and a baroreflex impairment much greater for magnitude than the ones detectable in age-matched nonresistant hypertensives individuals.
W e have recently shown that resistant hypertensive patients are characterized by a sympathetic activation and a baroreflex impairment much greater for magnitude than the ones detectable in age-matched nonresistant hypertensives individuals. 1 Whether these neuroadrenergic and reflex abnormalities can be reversed by renal denervation has been to date assessed in a case report and 3 studies, [2] [3] [4] [5] which have, however, provided conflicting results. Although one study failed to detect any effect of the procedure on muscle sympathetic nerve traffic (MSNA), 3 the other 2 reported a reduction in sympathetic neural discharge which, although statistically significant, was of a modest degree compared with the concomitant marked reduction in blood pressure (BP) values. 4, 5 A common limitation of all the above-mentioned studies is that sympathetic activity was assessed only once or, at best, twice after renal denervation thus failing to provide serial information on the behavior of sympathetic nerve traffic over an extended follow-up period after the procedure. Furthermore, lack of sympathetic activity measurements in the earliest post-renal denervation phases did not allow to determine whether the hypothesized sympathetic effects preceded were concomitant to or followed the BP ones. This leaves 2 unanswered key questions: ie, whether the sympathetic neural responses to renal denervation are (1) responsible for its BP-lowering effects and (2) predictors of the antihypertensive response to the intervention.
The present study has been undertaken to examine in patients with true resistant hypertension whether and to what extent office and ambulatory BP responses to renal denervation are qualitatively, quantitatively, and temporally related to the MSNA responses, as well as to the modifications of the baroreflex-MSNA sensitivity. This was obtained by serial measurements of the above-mentioned variables according to a study design, which included 5 experimental sessions: ie, one before renal denervation and the others 2 weeks, 1 month, 3 months, and 6 months after bilateral renal nerves ablation. To our knowledge, this has never been performed before.
Methods Population
This investigator generated study population consisted of 27 patients (18 men and 9 women) with an age range between 46 and 78 years who were recruited between 2011 and 2013. Fifteen patients had a true resistant essential hypertensive state based on lack of office and ambulatory BP control, despite the daily administration of at least 3 antihypertensive drugs (4-5 drugs; Table 1 ). 6 The patients were included in the Italian Symplicity Registry belonging to the Global Symplicity Register. Details about the investigator generated studies are mentioned in the article describing the rationale and design of the registry. 7 The remaining 12 patients had an essential hypertensive state of moderate to severe degree, which achieved BP control with the daily administration of 2 antihypertensive agents. Patients were excluded from the study if they had clinical conditions known to affect sympathetic cardiovascular function or a poor adherence to antihypertensive drug treatment. 8 Smokers (5 resistant hypertensive patients and 4 nonresistant hypertensive controls) were asked to refrain from smoking during the 24 hours before each study session. The study protocol was approved by the Ethics Committee of the Istituto Auxologico Italiano, Milan, and of the IRCCS Multimedica, Sesto San Giovanni (Milan), Italy. All subjects gave written consent to the study after being informed of its nature and purpose. All subjects were studied on an outpatient basis.
Measurements
Measurements included body mass index, waist:hip ratio, sphygmomanometric, and beat-to-beat finger (Finapres; Ohmeda 2003, Englewood, FL) 1 systolic and diastolic BP, heart rate (palpatory or ECG measurements) and respiration rate (pneumotacograph). They also included (1) multiunit recordings of efferent postganglionic MSNA via the microneurographic technique, as previously described, [1] [2] [3] [4] [5] (2) venous plasma renin activity (radioimmunoassay) 9 and venous plasma aldosterone levels (radioimmunoassay), 10 (3) fasting plasma glucose and plasma insulin, which were determined from a blood sample taken from an antecubital vein. From a standard formula (plasma insulin×fasting plasma glucose/22.5), calculation was made of the homeostasis model assessment of insulin resistance, which was used as an estimate of insulin resistance, 11 (4) ambulatory BP monitoring that was obtained over the 24 hours by an oscillometric device (Spacelabs 90207; Spacelabs) with the readings set at 15-and 20-minute intervals during the daytime (from 7.00 am to 11.00 pm) and the nighttime (from 11.00 pm to 7.00 am) periods, respectively. 1 The device was applied in the morning, and subjects were allowed to return home with the instruction to attend at their usual activities and to come back to the hospital the following day for device removal. The cutoff BP values for 24-hour BP normality were those reported by international guidelines, ie, <130/80 mm Hg, 12 (5) an echocardiographic evaluation of the enddiastolic and end-systolic left ventricular internal diameters, interventricular septum thickness, and posterior wall thickness. Left ventricular mass index was calculated by Devereux formula 13 and normalized to body surface area, whereas left ventricular ejection fraction was measured from the 4-chamber apical projection using the product area times length.
14 Color Doppler and pulse Doppler were used to measure mitral flow (early diastolic peak flow velocity [E wave] and late diastolic peak flow velocity [A wave]) and flow at the left ventricular outflow tract, and (6) an overnight polysomnographic recording, which allowed to determine the presence and severity of obstructive sleep apnea and to define the apnea/hypopnea index.
BP, ECG, and MSNA were digitized with a sampling frequency of 1000 Hz (PowerLab recording system model ML870 8/30; AD Instruments, NSM2153, Australia). MSNA was quantified over a 30-minute period either as bursts incidence over time (bursts/min) or as bursts incidence corrected for heart rate values (bursts per 100 heart beats). [1] [2] [3] [4] Baroreflex control of MSNA was determined by a method similar to that described by Kienbaum et al, 15 ie, by relating each spontaneous sympathetic burst to the diastolic BP and the cardiac interval during which the burst was generated
Cohort and Data Analysis
In the 15 true resistant hypertensive patients, 5 experimental sessions were performed. The first session was performed 2 days by guest on July 7, 2017 http://hyper.ahajournals.org/ Downloaded from before the renal denervation, whereas the other 4 sessions were performed 15 days, 1, 3, and 6 months after the procedure. In the 12 nonresistant hypertensives, who served as controls, 2 experimental sessions spaced by a 6-month interval were performed. In each experimental session the patients came to the laboratory in the morning, after a light breakfast and an overnight abstinence from alcohol and coffee consumption. They were put in the supine position and fitted with the intravenous cannula and the various measuring devices, except the microelectrode for MSNA recording. Blood samples for various assays were taken 30 minutes after positioning the venous cannula, after which BP was measured 3× with a mercury sphygmomanometer and a microelectrode was inserted into the right or left peroneal nerve to obtain MSNA. Sympathetic nerve traffic was recorded together with finger BP, heart rate, and respiration rate during a 30-minute period in a quiet semidark room kept at the constant temperature of 22°C to 24°C. Renal denervation was performed using a radiofrequency ablation catheter (Symplicity; Medtronic Ardian Inc, Palo Alto, CA), following the protocol and sequence of interventions (which included renal angiograms) described in previous articles. [2] [3] [4] [5] On average in each single patient, an average number of 11.1±2.4 radiofrequency ablations along both main renal arteries were applied.
Data were analyzed by a single investigator unaware of the experimental design and of the belonging of each patient to the 2 different groups or to the different experimental sessions. Office, 24-hour, and finapres mean systolic and diastolic BP, office, 24-hour, and finapres mean heart rate, respiration rate, plasma renin activity, plasma aldosterone, homeostasis model assessment index, resting MSNA and MSNA-baroreflex sensitivity obtained in individual subjects were averaged separately for each group and for each experimental session and expressed as mean±SEM. In Table  S1 in the online-only Data Supplement, data are also shown as mean changes±SD when compared with the pre-renal denervation control values. An analysis was also made of BP and MSNA data from 2 subgroups of resistant hypertensive patients, which were separately considered based on (1) an office systolic BP response 6 months after renal denervation above or below the median value and (2) a MSNA response 6 months after renal denervation above or below the median value. Comparisons between data obtained in the different experimental sessions were made by 1-way ANOVA. The paired t test with Bonferroni correction was used to locate the difference between the post-renal denervation and pre-renal denervation values. The Spearman analysis was used to correlate changes in different variables. A value of P<0.05 was taken as the level of statistical significance.
Results

Baseline Values
As shown in Table 1 , age, sex distribution, body mass index, waist:hip ratio, plasma renin, plasma aldosterone, homeostasis model assessment index, and the other laboratory values (including echocardiographic parameters) were similar in resistant and nonresistant hypertensive patients. An obstructive sleep apnea state of mild-to-moderate degree was found in 2 of the 15 resistant hypertensive patients, whereas no patient displayed obstructive sleep apnea in the control group. As expected, office, ambulatory, and beat-to-beat finger BP values were significantly greater in resistant than in nonresistant hypertensives. This was the case also for MSNA, but not for heart rate, values that were markedly and significantly greater in the former than in the latter group.
Effects of Renal Denervation on BP and MSNA Relationships
Renal denervation was successfully performed in all 15 patients. No complication was reported during, immediately after and over the long-term period after the procedure. As shown in the individual and average absolute values of Figure 1 , as well as in the mean changes reported in Table S1 , renal denervation had no BP-lowering effect at the evaluation performed 15 days after the procedure. The intervention, however, was associated with a decrease in office, 24-hour, and finapres systolic and diastolic BP during the remaining follow-up period. The decreases were always less pronounced for 24-hour and finger than for office BP, and for all pressures they were highly heterogeneous in magnitude between patients. Renal denervation did not significantly affect heart rate, both when assessed via the palpatory method at the level of the radial artery (office), and when averaged during the 24-hour period or beat-to-beat by the finapres device. Figure 2 shows the effects of renal denervation on MSNA and baroreflex-MSNA values in individual patients, as well as in the group as a whole. MSNA values were almost unchanged 15 and 30 days after the denervation procedure, whereas a significant reduction was observed after 3 and 6 months. Baroreflex-MSNA values showed a specular behavior, ie, virtually no change at the 15th-and 30th-day follow-up assessment and a significant increase thereafter. Both the MSNA and the baroreflex-MSNA responses to renal denervation substantially differed for magnitude between patients although the interindividual variability was less pronounced than the one characterizing BP. This is further documented by the data shown in Table S1 , which reports the changes in office, beat-to-beat, ambulatory BP, and in MSNA detected 15 days, 1, 3, and 6 months after renal denervation. MSNA and baroreflex-MSNA changes observed after the procedure were significantly related to each other at the evaluations performed 3 months (r=0.51; P<0.05) and 6 months (r=0.54; P<0.05) after renal denervation.
As shown in Table 2 , no correlation was found between baseline pre-renal denervation office or 24-hour BP and the corresponding BP changes after the denervation. Neither baseline MSNA values nor MSNA changes after renal denervation correlated with the BP changes seen at 3 and 6 months after the procedure, which also showed no correlation with the baroreflex-MSNA baseline values or changes. At the 6th-month assessment after renal denervation, the MSNA reduction was similar for magnitude in the 2 subgroups of patients, which displayed an office systolic BP reduction greater or lower the median value (−21.5±2.4 and −3.8±2.1 mm Hg, respectively; Figure 3, left) . Similarly, the systolic BP reduction detected at the 6th-month assessment after renal denervation was similar for magnitude in the subgroups of patients, which displayed a MSNA reduction greater or lower the median value (−19.11±2.3 and −10.2±1.0 bursts/min, respectively; Figure 3 , right). Similar observations were made for clinic diastolic BP and for beatto beat finger BP.
Other Effects of Renal Denervation
Plasma aldosterone and plasma renin activity did not change at 15 days and 1 month after renal denervation, while showing a tendency to decrease at the 3rd month (data not shown) by guest on July 7, 2017 http://hyper.ahajournals.org/ Downloaded from and a statistical significant reduction at the 6 months after the denervation procedure (−1.9±0.4 and −1.0±0.3 ng/mL per hour; P<0.05 for both). No significant change in body mass index, waist:hip ratio, plasma glucose, homeostasis model assessment index, plasma electrolytes, and estimated glomerular filtration rate was observed during the follow-up (data not shown). The number and daily dosage of antihypertensive medications remained unmodified throughout the follow-up period in 12 and changed in 3 patients. In 1 patient, spironolactone was stopped after the 3rd month, in another the dosage of the β-blocker used (metoprolol) was reduced after 1 month, whereas in the third patient, the reduction involved, after 3 months, the dosage of the calcium channel blocker used (nifedipine gastrointestinal therapeutic system). 
Control Group
In the nonresistant hypertensive patients who did not undergo renal denervation and served as controls baseline office, ambulatory and finger BP values recorded at baseline did not show any significant change when reassessed after 6 months. This was the case also for MSNA and other recorded variables (Figure 4 ).
Discussion
The present study provides 2 major sets of novel information on the BP and sympathetic effects of renal denervation in patients with true resistant hypertension. One, our data show that no quantitative relationship was detectable between the BP and the sympathetic responses to the denervation procedure at any time during a 6-month follow-up, despite the multiple recordings of either variable obtained over this period. Second, they further show that patients having a marked BP reduction in response to renal denervation can display a sympathoinihibition of magnitude almost indistinguishable from the one seen in patients with a BP response 6 to 7× less pronounced. Thus, renal denervation can lower sympathetic activity even when BP is not or not yet reduced. Furthermore, when the denervation procedure markedly lowers BP, this can occur also in absence of any similarly marked alterations of sympathetic drive and vice versa. These temporal, quantitative, and even qualitative discrepancies strongly suggest that the BP-lowering effects of renal denervation are not necessarily dependent to, and thus not necessarily triggered by, a decrease in central sympathetic outflow.
Our study does not clarify which mechanisms may concur to determine in the patients enrolled the BP-lowering effects of the renal denervation intervention. On the basis of present data, however, we can reasonably rule out that in our patients factors such reinforcement of the preceding drug treatment regimen, loss of body weight, or improvement in insulin resistance 8, [16] [17] [18] were responsible because, compared with the baseline condition, their modifications in the postdenervation period were trivial or absent. We can also exclude that a deactivation of the renin-angiotensin-aldosterone system 19, 20 was involved because the BP reduction preceded by several weeks the decrease in renin and aldosterone plasma levels over the postdenervation follow-up, with which it did not show any correlation. Finally, the observed improvement in baroreflex-MSNA sensitivity is also unlikely to have played a major role, because, like resting MSNA values, this improvement showed a temporal discrepancy and no quantitative relationship with the BP effects, at variance from what has been reported for baroreflex heart rate control in a recent study. 21 We are thus left with the possibility that (1) MSNA does not reflect overall sympathetic deactivation, which is not in line with its close correlation with general markers of sympathetic activity, such as plasma norepinephrine or norepinephrine spillover 8, [22] [23] [24] or (2) the BP reduction was accounted for by a better adherence of the patients to the prescribed drugs. 16 We should also consider, however, the possibility that renal denervation might affect in a different fashion single fiber versus multifiber MSNA recordings, taking into account that the single fiber approach has been shown to provide a more sensitive assessment of MSNA when compared with the multifiber nerve recording. 4 It is also possible to hypothesize that renal denervation modifies the cardiovascular influence of neural pathways other than the sympathetic ones 25 or that non-neural factors such a 
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Several other results deserve to be briefly discussed. One, our study is the first which systematically assessed the behavior of baroreflex-MSNA control before and after renal denervation on baroreflex-MSNA control, showing a clearcut improvement which achieved statistical significance at the 3rd and 6th months after renal denervation. Interestingly, these changes were significantly and directly correlated with the concomitant changes in MSNA values observed at the same time periods. This suggests that the reduction in MSNA associated with renal denervation has a baroreflex origin, ie, it is generated by an improved ability of this reflexogenic area to restraint sympathetic cardiovascular drive. Second, in our study, heart rate did not show any significant change in the short-term period after renal denervation, in contrast with the marked concomitant MSNA modifications. We can speculate that the dissociation between the behavior of heart rate and peripheral sympathetic nerve activity reflects the fact that renal denervation, despite having peripheral sympathoinhibitory effects, does not affect cardiac sympathetic outflow. A more likely hypothesis, however, is that the small sample size of the study, together with the short follow-up period, might have reduced the possibility to detect a decrease in heart rate. Indeed, recent large-scale studies with a prolonged follow-up have shown significant increase of heart rate after renal denervation. [30] [31] [32] Finally, our study confirms the now large body of evidence that the BP-lowering effects of renal denervation are greater in magnitude for office than for ambulatory measurements, 29, 32 as also documented by the results of the Symplicity HTN-3, which failed, however, to detect any significant reduction in the office and ambulatory BP in resistant hypertensive patients 6 months after renal denervation when compared with a sham procedure. 33 They add to this information the finding, however, that the finger BP effects reflect the ambulatory rather than the office values. Thus, the daily life effects of renal denervation can be inferred also by BP measurements performed in the office environment, provided that multiple values are collected.
Our study has some limitations. One, although superimposable to the sample size of previous studies assessing the effects of renal denervation on sympathetic nerve traffic, [3] [4] [5] our study population was small. This can have affected, at least in part, the study results, by increasing the variability of the MSNA responses to renal denervation or by preventing to detect a statistical significance in the various correlations performed. It should be underlined, however, that, with the exception of the 15-day assessment, MSNA variability, as expressed by the SD value (Table S1 ), was much smaller than the BP one and almost superimposable at 1, 3, and 6 months after the procedure. This is strengthened by the finding that no significant relationship was found between the MSNA and BP changes associated with renal denervation (Table 2) . Finally, the total number of experimental sessions performed in the actively treated group (n=5) was so large as to make the effects seen in any individual patient robust. Two, patients were under antihypertensive drugs, which could per se affect sympathetic activity (β-blockers, angiotensin-converting enzyme -inhibitors, angiotensin II receptor blockers, calcium antagonists, and central sympatholytic agents), 8 thereby affecting the results. However, the same drug classes were used in the control group of patients, with no evidence of any MSNA reduction during the 6-month follow-up. In addition, with few exceptions in the patients who underwent renal denervation, the antihypertensive drug regimen used before the procedure was maintained unchanged throughout the study follow-up, which makes this possibility highly unlikely. Finally, we cannot rule out that, given the evidence provided after the Symplicity HTN-3 trial publication that the effects of renal denervation are somehow related to the number of radiofrequency applications during the procedure, 33 a greater number of nerve ablations should have affected the time course in a different fashion, as well as the magnitude of the relationships between the BP and the MSNA effects of the procedure.
Perspectives
The results of the present study provide evidence that the BP-lowering effects of renal denervation do not seem to share any relationship with the effects of the procedure on sympathetic neural outflow traffic and baroreflex control of adrenergic drive. They also show that neither neural nor reflex variables may be of help in predicting the BP responses to the procedure, which seem to be only in part dependent on these factors. As already mentioned, the small sample size of the present study calls for further investigations to confirm the present findings. Figure 4 . Clinic blood pressure and heart rate (top), ambulatory blood pressure and heart rate (top middle), beat-to-beat blood pressure and heart rate (bottom middle), muscle sympathetic nerve activity (MSNA), expressed as bursts incidence corrected for heart rate values (MSNA c, left bottom), and spontaneous baroreflex control of MSNA (Baro, right bottom) values at baseline and after 6 months of observation without treatment modifications in 12 treated nonresistant hypertensive patients. Data are expressed as mean±SEM. a.u. indicates arbitrary units; D, diastolic; and S, systolic. by guest on July 7, 2017 http://hyper.ahajournals.org/ Downloaded from
• The study examined whether and to what extent office and ambulatory blood pressure responses to renal denervation are qualitatively, quantitatively, and temporally related to the sympathetic nerve traffic responses, as well as to the modifications of the baroreflex-sympathetic sensitivity during a follow-up postdenervation period amounting to 6 months.
What Is Relevant?
• The results document for the first time that the blood pressure-lowering effect of the denervation temporally precedes the appearance of the sympathoinhibitory response, and that no relationship is detectable between the blood pressure and the sympathetic responses to the denervation procedure at any time during the 6-month follow-up.
Summary
The study shows that the blood pressure reduction associated with renal denervation does not share a relationship with the effects of the procedure on sympathetic neural outflow traffic and baroreflex control of adrenergic tone. Neither neural nor reflex variables may be of help in predicting the blood pressure responses to the procedure, which seem to be only in part dependent on these factors. S1. Changes in office, beat-to-beat and 24 hour systolic and diastolic blood pressure (SBP and DBP respectively) values observed 15 days, 1 month, 3 months and 6 months following renal denervation. The corresponding changes in muscle sympathetic nerve traffic (MSNA) are also provided. Data are shown as means ± standard deviations. 
